not be compared with a glass plate: it is not only layered, but also demonstrates considerable forward-and backscattering of light (. Fig. 2c ). Ophthalmologists take advantage of this property when applying optical coherence tomography (OCT) to study the retina of patients in a noninvasive manner ( [9] ; . Fig. 2d, Fig. 4a, b) . Due to the fact that the different layers of the retina show a different degree of scattering, this technique allows visualization of the retinal tissue (. Fig. 2e, f) . Most of the scattering is evoked within the synaptic (plexiform) layers, where synaptic elements have sizes of about 500 nm. This is comparable to the wavelength of visible light (400-700 nm) and thus results in significant light scattering (. Fig. 2d, . Fig. 6b ).
This scattering of light on its way through the retina must cause considerable background noise at the level of the photoreceptor array, and-in terms of sensory perception-an undesirable reduction in the signal-to-noise ratio. Strikingly however, the visual performance of most vertebrates is virtually perfect, providing efficient contrast vision in conditions of daylight and excellent sensitivity in the dark [8] . From a theoretical point of view, this apparent contradiction could be explained if intraretinal light scatter were to be minimized by optical elements which facilitate light propagation throughout the thickness of the retina. This article will present recent data supporting this hypothesis.
Basic structure of the inverted vertebrate retina
The retina has a well-organized structure with seven main layers (. Fig. 2d , e, f). Three layers contain the cell bodies with the cell nuclei (outer nuclear layer, ONL; inner nuclear layer, INL; ganglion cell layer, GCL); two layers consist of cellular processes and neuronal synapses (outer plexiform layer, OPL; inner plexiform layer, IPL); the innermost layer contains the axons of the ganglion cells (nerve fiber layer, NFL) and the outermost layer is formed by the photoreceptor segments (PRL) abutting the retinal pigment epithelium (RPE). Light enters the retina at the NFL (from the top in . Fig. 2d , e, f). However, the incoming light is detected by the photosensitive pigments of the photoreceptor segments within the PRL (asterisk in . Fig. 2e ). From here, the visual information is synaptically transmitted to bipolar cells, which, in turn, send information to the ganglion cells whose axons deliver the visual message to the brain [13] (additional information processing is provided by the lateral circuits of horizontal and amacrine cells). It is noteworthy that different light conditions require different detectors (i.e. photoreceptor cells)-rods are responsible for high sensitivity vision at low light intensities and cones serve high contrast and color vision in bright daylight.
In addition to these informationprocessing neurons, the retina contains elongated radial glial cells-the Müller cells-which span the entire thickness of the tissue [10] . The inner retinal surface is formed by numerous adjacent Mül-ler cell endfeet. From here, each Müller cell runs an inner stalk towards its soma in the INL, from where an outer process extends to the outer surface of the retina (the border between ONL and PRL). As shown in . Fig. 2f , a distinct set of retinal neurons is aligned along each Mül-ler cell, thus forming a so-called columnar unit [10] . Considering the retina as an array of a large number (almost 10 million in the human eye) of repetitive columnar units, each contributing its part to the visual information, it is tempting to speculate that each Müller cell acts as a lightguiding 'optical fiber' for the photoreceptor cells of the unit. Therefore, the regular array of radial glial (Müller) cells may constitute a natural fiber-optic plate. This hypothesis has been tested by a variety of experimental approaches.
Single isolated Müller cells as light-guiding fibers
The light-guiding capability of a classical optical fiber is given by the V parameter, where d is the diameter of the guide, λ is the wavelength of light in a vacuum and n 1 and n 0 are the refractive indices of the fiber core and its surroundings, respectively [2] . Generally, a fiber can be considered as an efficient waveguide if the V parameter exceeds a value of 2. As shown in . Fig. 3 , the V parameter along the entire length of the Müller cell fulfils this requirement. In other words, from a theoretical point of view, Müller cells should be capable of efficient light guidance.
For more direct proof of this assumption, we developed a setup to investigate light transport through individual Müller cells ( [6] ; . Fig. 3c ). Enzymatically dissociated retinal cells were optically trapped by two counter-propagating infrared laser beams between two opposing optical fibers. The refractive index of the surrounding medium was adjusted to that of retinal neurons (. Fig. 3a) . Additionally, visible laser light (λ=514 nm) was coupled into one of the fibers and the intensity of light coupling into the opposite fiber was measured. When the optical fibers are moved apart, only a fraction of the visible light emanating from one fiber couples into the opposing one, because of its divergence [2] . However, when a structure capable of guiding light and thus preventing it from diverging is trapped, the intensity loss is minimized. Indeed, this light-guiding effect was observed for vital isolated Müller cells (. Fig. 3c ; [6, 12] ).
Light guidance by Müller cells within the native retinal tissue
After having shown that individual isolated Müller cells display properties of 'light cables' , we wondered whether this function could also been demonstrated in the intact vital retina. For this purpose, multiple experiments were performed by applying light to the vitread surface of native guinea pig retina samples. The retinal slices were attached to a membrane and the endfeet of individual, fluorescently labelled Müller cells were exposed to laser light emanating from an optical fiber (. Fig. 4a, b) , while the membrane served as a screen to visualize the transmitted light [1, 12] . These experiments allowed simultaneous observation of (i) the position of the optical fiber, (ii) the Müller cells in the living retina, (iii) the light scattering inside the tissue and (iv) the transmitted light [1] . When the laser beam did not directly illuminate a Müller cell, intraretinal scattering occurred (mainly in the IPL) and the transmitted light, visualized at the membrane, appeared as a wide spot (. Fig. 4a ). However, if the light beam entered a Müller cell endfoot, most of the previously detected scattering inside the retina disappeared and a much narrower, bright light spot indicative of this significantly reduced scattering was transmitted to the photoreceptors (. Fig. 4b ). Efficient light guidance by a given Müller cell was observed within a fiber position range of almost 10 µm (roughly equivalent to the mean diameter of a Müller cell endfoot), with a maximum within about 2 µm (roughly corresponding to the cell process diameter; . In our eyes, as in the eyes of all vertebrates, images of the environment are projected onto an inverted retina, where photons must pass through most of the retinal layers before being captured by the light-sensitive cells. Light scattering in these retinal layers must decrease the signal-to-noise ratio of the images and thus interfere with clear vision. Surprisingly however, our eyes display splendid visual abilities. This apparent contradiction could be resolved if intraretinal light scattering were to be minimized by built-in optical elements that facilitate light transmission through the tissue. Indeed, we were able to show that one function of radial glial (Mül-ler) cells is to act as effective optical fibers in the living retina, bypassing the light-scattering structures in front of the light-sensitive cells. Each Müller cell serves as a 'private' light cable, providing one individual cone photoreceptor cell with its appropriate pixel of the environmental image, thus optimizing special resolution and visual acuity.
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Excursus 1
Development of the vertebrate retina
During both phylogenesis and embryonic development, the retina of all vertebrates emerges from the same primitive neural tissue (the neural plate) as the brain (. Fig. 1a) ; it is thus an 'externalized' part of the brain [8, 11] . To understand the inversion of the vertebrate retina, one should keep in mind that our ancestors were close relatives of starfish and sea urchins. The starfish possesses an epithelial nervous system at the outer surface of its body, where this is in direct contact with the seawater (. Fig. 1b) . The sensory processes of the sensory cells extend into the marine environment (i.e. the source of relevant stimuli), whereas their axons reach towards the information-processing ganglion cells. This polarity is 'correct' and thus easily comprehensible.
During the further course of evolution, the epithelial nervous system rolled up into a tube and moved below the surface of the body. Similar events still occur during vertebrate embryogenesis, when the neural plate is enrolled during a process called neurulation (. Fig. 1a ). This is accompanied by an outside-in turn of the epithelium: the sensory cells now extend their sensory processes into the lumen-i.e. the inner surface-of the neural tube. This also explains the inverted orientation of the vertebrate retina, with the photoreceptor cells directed away from the light (. Fig. 1c ): during evagination of the optic vesicle from the neural tube, its sensory surface remains at the inner surface (. Fig. 1a) . Therefore, the normal developmental mechanisms of our eyes inevitably lead to an inverted retina.
A noteworthy exception can be found in many recent fish, amphibians and reptiles, which possess a third (parietal) eye with a noninverted retina (. Fig. 1d ; [11] ). This consists only of photoreceptors, ganglion cells and radial glial cells-similar to the primitive neuroepithelium of the starfish (. Fig. 1b ). Due to its simple structure, the task of the parietal eye is limited to the differentiation between low and high light levels (to control the circadian rhythm) and detecting movements of predators. This exceptional case demonstrates the possibility of generating a noninverted vertebrate retina despite the neurulation process-albeit at the cost of a sufficient blood supply (it is impossible to place a choroid in front of the photoreceptors). The latter limitation prevents a high spatial density of photoreceptor cells and an enhanced complexity of local information processing. In conclusion, evolution obviously preferred the inverted alignment of the vertebrate retina (. Fig. 1c ).
Excursus 2
Light-guiding cellular elements in the vertebrate retina
Considering our data and hypotheses, as well as data published by others, other retinal cells also possess an optical function. Apparently, the vertebrate retina consists of several successive arrangements of vital light-guiding 'optical fibers' or other optical elements that compensate for the disadvantages of its inverted structure (. Fig. 6a) . Firstly, light arriving via the vitreous fluid enters the retina. As the inner retinal surface is formed by the endfeet of the Müller cells, these structures must constitute the site of light entry. The light is then guided by the Müller cell processes to the outer retina (. Fig. 6b ; [1, 6] ). The next transition has been proposed to occur at the border between the OPL and the ONL, i.e. between the tapering Müller cell stem processes and the rod nuclei, at least in nocturnal mammals with their thick, multistacked outer nuclear layer. Due to their peculiar arrangement of nuclear chromatin, these stacks were proposed to function as chains of lenses transporting the light towards the inner segments of the photoreceptor cells (. Fig. 6c ; [14] ). If true, then light must pass from the nuclear stacks to the inner segments of photoreceptor cells. It has been argued that the inner segments of photoreceptors are well-suited to function as light collectors [18] , which may facilitate this transition. Finally, the wave-guiding nature of the inner and outer receptor segments permits transport of light towards the light-sensitive pigments (. Fig. 6d ; [3, 4, 15] ).
toreceptors of their associated columnar units were located (. Fig. 4d ).
To further investigate the distribution of light emanating from one Müller cell on the attached light-sensitive photoreceptor cells, the illuminated photoreceptor cells were observed at the opposite retina surface (. Fig. 4e ). These experiments revealed that the light entering one Müller cell is clearly assigned to a small group of adjacent photoreceptors (red dots in . Fig. 3e; [1, 12] ). When the optical fiber was moved along the retinal surface, the illuminated receptor groups moved in the same direction; however, several fiber steps (each 2 µm long) were required to achieve one 'jump' of the illuminated spot at the receptor layer. Sometimes more than one group of photoreceptors were illuminated simultaneously, probably reflecting the positioning of the beam over two or three adjacent Müller cell endfeet [1] . Further analysis showed that the distance between the intensity maxima of these illuminated receptor fields (. Fig. 4d ) corresponds to the average distance between the axes of two neighboring Müller cells. Taken together, these experiments indicate that each Mül-ler cell is optically coupled to a small distinct tissue area in the photoreceptor layer.
The functional relevance of this observation is highlighted by quantitative evaluation of the photoreceptor layers in typical mammalian retinae such as human (outside the fovea centralis) and guinea pig, which shows that a group comprising 1 cone and about 10 rods belongs to one Müller cell [10] . This suggests that Müller cells play a central role in vision both during daylight and at dusk/dawn. At night, the small amount of light is efficiently guided to the highly sensitive rod photoreceptors. During daylight, optical resolution is limited by the cone spacing. As every cone photoreceptor is equipped with its own wave guide (. Fig. 6b) , high-contrast vision in daylight is guaranteed [1] .
The fovea centralis as a potential optical element
Considering the function of the retina, the optics of the fovea centralis should be the best, since this small area mediates highacuity central vision. Strikingly however, the abovementioned rules do not apply to this specialized retinal area. For instance, the (para-) foveal Müller cells are long and thin, such that they do not achieve V parameter values high enough to allow for efficient wave guidance. How did evolution solve this problem? It has long been hypothesized that the convexiclivate fovea of some predatory birds (. Fig. 5a ) may function as a concave lens, providing local magnification of the image (. Fig. 5c ; [17] ). This hypothesis requires that the retinal tissue displays a higher refractive in- . Fig. 3a) . Consequently, the resulting magnification would allow more (cone) photoreceptors to share the same part of the image and thus detect image details with enhanced spatial resolution.
By contrast, a similar function has not been ascribed to the primate fovea up until now, since its shape corresponds to a flat dish where all light-scattering layers are laterally displaced and thus allow direct passage of light toward the cones. Consequently, the cones receive an almost undistorted image (. Fig. 5d ). However, recent OCT data show that this shape may be more complex (. Fig. 5b, d ): at least in some humans, the fovea rather appears as a bowl with a flat bottom and steeply rising walls. With respect to optical function, these steep walls might play a similar role to that of the convexiclivate fovea of nonmammalian retina, i.e. they may provide a magnification of the image for the cones in the neighborhood of the foveola (. Fig. 5d ). Such a mechanism would compensate for the optical problems in this region, where the retina is very thick (which means there are prominent lightscattering layers in front of the cones) and where the Müller cells are too long and thin to act as optic fibers. It is important to keep in mind that in primates, not only the fovea proper but also the surrounding central area of the retina mediates a higher image quality than the retina periphery. [1, 6] . a, c Subsequently, a consecutive lens system consisting of stacks of rod photoreceptor nuclei (green arrow in a) transports the light through the outer nuclear layer, which is particularly thick in nocturnal mammals. The effectiveness of the lens system was recently demonstrated by finite-difference time-domain (FDTD) simulations; light intensities are shown on the right of c [14] . a, d In earlier experiments, Enoch provided direct evidence for a wave-guide function of the inner and outer receptor segments by discovering that light transmission through these elements occurs in modal patterns [3, 4] . In d the most commonly observed patterns (HE 11 , TE 01 /TM 01 , TE 01 /TM 01 ) are shown, as photographed at the ends of photoreceptor outer segments. Scale bar 1 µm. Along this series of light-guiding structures behind one Müller cell endfoot (a), the light finally arrives at the light-sensitive pigments of a single cone cell (b, top) and a species-specific number of rod cells, where it is converted into an electrochemical signal that can be forwarded to the brain. (Images adapted from [1, 4, 6, 14] )
Summary and outlook
